Introduction
Plasma nitriding of stainless steels improves some of their tribological properties [1] [2] [3] [4] [5] as a result of the nitrided layer, which is formed on the surface, whose properties depend strongly on the conditions used in the process, such as gas composition and pressure, temperature and time. If the temperature is lower than 450 °C, an expanded austenite phase (g N ), which presents a large nitrogen concentration, is formed. This layer shows higher hardness and higher pitting corrosion resistance in comparison with the untreated austenite (g) [6] [7] [8] [9] . Compared to g reflections, g N peaks are broader and shifted to lower diffraction angles. The g N (200) positions are more deviated relatively to the g(200) diffraction angle than the other planes, demonstrating a deviation from the cubic fcc unit cell. The structure of this phase is still a matter of controversy which has not yet been completely clarified [10] [11] [12] [13] [14] [15] . Fewel et al. 10 employed both Cu-Kα and Co-Kα radiations to measure X-ray Diffraction (XRD) patterns up to the (420) reflection for one selected nitrided sample. They analyzed the XRD patterns trying different structures, like tetragonal, monoclinic and triclinic, obtaining the best agreement of their data for the latter one. Particularly, it is a structure which presents a low symmetry, but they used to represent it as a fcc structure with distortion. To do this, the lattice parameters are equal and a distortion ε (in this paper η will be used for this distortion, not to be confused with ε phase). This model was tested by Mingolo et al. 14 , who used Cu-Kα to measure a lower number of reflections, up to (400). They studied the g N phase observed for the surface of two AISI 316L nitrided samples, describing it well by a triclinic structure, instead of tetragonal or monoclinic. In a more recent study of seven nitrided samples using synchrotron radiation diffraction, Fewell and Priest 15 observed peaks up to (622) reflection. In their study, they tested a total of ten plausible candidate structures in order to propose a structure for this phase. They examined in details two of the seven samples and concluded that none of the candidate structures work well at high order reflections and each presents its particular difficulties at a lower order. However, they affirm […] the triclinic lattice has the 3 fewest deformation-split components of the candidate structures and generally the highest multiplicity component of a reflection correspond to the measured position […]" 15 prior to the (440) reflections. For the current study, as the use of synchrotron radiation allows for both a higher intensity and a better resolution, it was chosen for measuring XRD patterns up to the (222) reflection, from eight nitrided AISI 316L samples. The samples were nitrided at different conditions of time and temperature, and consequently, showed different properties, such as nitrogen concentration and nitrided layer thickness. In this study it was used a photon energy of 6.5 keV, whose XRD patterns were fitted using Fewell's model. Moreover, to consider nitrogen concentration gradient across the nitrided layer, each g N peak AISI 316L stainless steel samples nitrided at different conditions of temperature and time, showing different properties, such as nitrogen concentration (C N ) and nitrided layer thickness, were studied. Expanded austenite (g N ) diffraction peaks up to the (222) reflection were observed using suitable wavelength synchrotron radiation. XRD patterns were fitted by Le Bail method, using a special triclinic crystal structure (with a lattice distortion η) for g N , whose peaks were decomposed in a few subpeaks, to consider C N gradient across the nitrided layer. Our results indicate that regarding g N magnetic behavior, which was observed for the samples nitrided at 450 °C, it seems to be correlated not only to high C N (≥31at.%), but also to higher η (≥2.4°), which reaches up to 5.6°. This distortion η decreases when C N increases, consequently, with its minimum close to the surface. On the other hand, for paramagnetic samples (350 °C), η increases up to 1.4° when C N increases up to 30 at.%. 
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Material and Methods
Details of the preparation of the samples, which were plasma nitrided using 80% H 2 -20% N 2 , at 6 Torr, for 3 and 5 h using different temperatures (350, 400 and 450 °C), have been given previously 17 , and the nitrided layer thickness (t) values are presented in Table 1 . Here results for samples nitrided for 4h, using 400 and 450 °C are presented as well.
The phases formed on the nitrided samples were characterized by XRD, performed at the Brazilian Synchrotron Light Laboratory (LNLS), using synchrotron radiation (λ = 1.9074 Å or E = 6.5001 keV). The conditions were: θ-2θ geometry, at 0.2° steps, ranging from 47° ≤ 2θ ≤ 135°. A pyrolytic graphite analyzer and scintillation counter were used to obtain high signal to background with medium resolution.
In addition to the austenitic matrix and g N phase, the hexagonal ε (Fe 2-3 N) was used in the XRD pattern fittings and, when necessary, cubic g'(Fe 4 N) and trigonal Cr 2 N phases were used as well. The Le Bail technique was used to index the diffraction peaks in the experimental data 18, 19 , which were fitted using GSAS software 20 and EXPGUI graphical interface 21 . For the g N phase, having special triclinic symmetry 10, 15 , which presents a slight distortion (η) from fcc austenitic substrate structure was used. Based on the results of Öztürk and Williamson 16 , we concluded that the best model to adopt in g N phase fittings was to consider it as a solid solution with a sequence of layers showing different contents of nitrogen. Each layer corresponds to a different lattice parameter ag N . The values for nitrogen concentration in each solid g N phases, C N , were calculated using Picard's equation
where α is a constant. The literature indicates a range of values for this constant, which depends on the C N value 16 . The most commonly used (α = 0.0078 Å/at.% N) is known as Vegard´s constant 14, 23 . Instead of this value, a different value is indicated, because the last one is used for low nitrogen concentrations (0-10 at.%). The new value is 16, 24 , α = 0.00861 Å/at.% N, which was adopted in this work.
Results and Discussion
Figure 1a presents the measured XRD patterns. The vertical bars show the positions of the fcc austenite peaks, labeled g(hkl). All the XRD patterns show the expanded austenitic g N peaks, which are broader and shifted to lower diffraction angles, when compared to the correspondent austenite peaks. Figure 1b The diffraction patterns presented in Figure 1 show a positive correlation between this penetration depth (d) of radiation and the nitrided layer thicknesses (t) ( Table 1) .
The g (111) reflection whose d value (10.4 mm) is minimum, is observed for 350 and 400 °C, whose thickness is t< 10.4 mm. Moreover, the g(111) intensity decreases when t increases, and is significantly higher than that of g N (111) for 350 °C, 3h, whose t=0.7 mm. The intensity decreases substantially at 400 °C (2. Figure 2 , showing all the phases which were used in the fittings. This region was selected because of the significative separation of the different g N phases, which is not observed in (111) and (200) reflections. Figure 4 illustrates details of the subpeaks, which were used for considering nitrogen concentration gradient across the nitrided layer.
Samples nitrided at 350 °C
Whereas three different g N phases were used in fittings for the samples nitrided for 3h, four phases were used for 5h sample. The austenite (a g = 3.597 Å) and the ε phases were used as well. The fitted values for the g N phases are presented in Table 2 .
Samples nitrided at 400 °C
Four different g N phases were used in the fittings for the samples nitrided for 3h, while five phases were used for 4 and 5h samples. The austenite (a g = 3.597 Å) and the ε phases were used, as well as for 350 °C. In Table 3 are presented the fitted values for the g N phases.
For both temperatures, an additional phase appears for 5h, compared to 3h. This phase represents 25% (or 1/4) and 20% (or 1/5) of the total number used for g N subphases, for 350 and 400 °C, respectively. This rise can be explained by the increase of 23% and 21% (from 3 to 5h, for 350 and 400 °C, respectively) of nitrided layer thicknesses (t). This is because all the diffusion layers (and even the matrix) are certainly observed, as the x-ray penetration depth (d) complies with the equation 3.0t ≤ d≤ 27t. In this equation, the minimum corresponds to (111) reflection, for 400 °C, 5h and the maximum, to (222), for 350 °C, 3h. Moreover, as this additional phase presents lower N concentrations, it is located in the innermost layer, which is known as the diffusion layer. 
Samples nitrided at 450 °C
Four different g N phases were used in the fittings for the samples nitrided for all times: 3, 4 and 5h. In addition to the austenite (a g = 3.597 Å), ε and g' phases, the Cr 2 N phase was used as well. Table 4 presents the fitted values for the g N phases.
These samples differ from the 350 and 400 °C samples in at least two different aspects. The first one is the same number of g N phases used in the fittings, for all times: 3, 4 and 5h. The second one is the g N phase concentration, whose minimum value is 31 at.%. For these samples, the interval that correlates t and d is 0.95t ≤ d≤ 2.7t; consequently, the observation of the diffusion layer may be much more difficult. Another possible and more likely explanation is that the diffusion layer might be less significant, relatively to 350 and 400 °C, as it decreases with the increasing the temperature, according to some authors 25, 26 . It can be seen from the data in Tables 2 and 4 this phase is paramagnetic (or magnetic) when its C N is low (high) 16 . The Mössbauer Spectroscopy can show this behavior, and the results for all the samples will be presented in a future publication. If this is assumed, it is interesting to show that the lattice distortion η behavior in relation to C N depends on the magnetic character of the respective g N phase. To evidence this aspect, Figure 5 shows η values as a function of C N values, i.e., the fourth column as a function of the last column of Tables 2, 3 and 4. This figure presents two very distinct regions: C N ≤ 30 at.% (which is marked in a vertical dotted line), showing η ≤ 1.4° (in a horizontal dotted line, below) and the second one, indicating C N ≥ 31 at.% and η ≥ 2.4° (in a horizontal dotted line, above), where the samples nitrided at 350 and 450 °C, respectively, can be observed and each one shows a typical behavior.
The paramagnetic g N phases in layers nitrided at 350 °C, for 3 and 5h, are very similar, showing a very high C N gradient (approximately 60 at.%) between the inner region and the surface. At the same time, the lattice distortion η increases when C N increases, and therefore it is higher near the surface, showing a slight variation, approximately 0.8°. On the other hand, the magnetic layers nitrided at 450 °C show a very different behavior: while the C N gradient between the inner region and the surface is much smaller, showing a 20 to 30 at.% variation, the lattice distortion η, which is maximum in the inner region, shows a variation between 1.3° and 2.4° for 5 and 3h, respectively. For 4h, while C N shows the highest interval, between 31 and 43 at.%, η shows a very smooth variation of 0.7°. Moreover, Williamson and Öztürk 16 suggested that the magnetic g N phase is analogous to the fcc ordered g'-Fe 4 N, which has a more expanded fcc lattice compared with g-Fe and is ferromagnetic at room temperature. In this respect, our results seem to agree with their suggestion, because lattice distortion η decreases when C N increases, near the surface, for 450 °C samples, indicating a higher symmetry for the subphase which is more magnetic. Therefore, our assumption seems to be correct.
Regarding the samples nitrided at 400 °C, they show magnetism and paramagnetism simultaneously 9 , and are magnetic near the surface and paramagnetic in the inner region, which can be observed in Figure 5 . This figure indicates that the behavior of these samples is not uniform as is for the samples nitrided at 350 and 450 °C. However, the g N phases presenting C N in the same interval observed for 350 °C samples, i.e., for 17 ≤ C N ≤ 30 at.%, show the same behavior observed for these samples. In other words, the lattice distortion η increases when C N increases, although it increases to 3.0°, which is significantly higher than the value observed for the 350 °C samples, i.e., 1.4°. On the other hand, for C N ≥ 31 at.%, for both 3 and 4h, for the most superficial layer, η decreases to a value very close to 2.4°, which is the η reference value for the samples nitrided at 450 °C. Study of Expanded Austenite Formed in Plasma Nitrided AISI 316L Samples, Using Synchrotron Radiation Diffraction
Conclusion
1) Regarding g N phases magnetic character, our results indicate that magnetic behavior, observed for the samples nitrided at 450 °C, seems to be correlated not only with high nitrogen concentration (C N ≥ 31 at.%), but also with high lattice distortion (η ≥ 2.4°), which reached up to 5.6°. Moreover, this distortion decreases when C N increases, consequently it has a minimum value at the surface. 2) On the other hand, for paramagnetic samples, nitrided at 350 °C, the lattice distortion η increases when C N increases, up to 1.4° and 30 at.%, respectively. In this case, it has a maximum at the surface. 3) As the sample set showed a big range of layer thickness, this property was correlated to X-ray depths penetration from different reflections of XRD patterns, showing significant positive correlation between both.
